The diamondback moth, *Plutella xylostella* (L.) (Lepidoptera: Plutellidae), is one of the worldwide destructive pest species for cruciferous vegetables ( [@ieu113-B31] ). It has caused huge economic losses in a large number of countries, including China, Japan, United States, Mexico, Australia, India, the Russian Federation, Indonesia, Thailand, and Vietnam, as well as European countries such as Germany (Centre Agriculture Bioscience International (CABI) Compendium, [www.ipmcenters.org/cabi](www.ipmcenters.org/cabi) ). Many factors have been reported to affect the infestation extent of *P. xylostella* . For example, cruciferous host plant species could dramatically affect the genetic differentiation of *P. xylostella* ( [@ieu113-B23] ). The competition among *P. xylostella* and other pests such as 'striped flea' beetle, *Phyllotreta striolata* (F.), can affect the feeding quantity and fecundity of *P. xylostella* ( [@ieu113-B33] ). Consequently, it is important for *P. xylostella* to locate the preferable host plant species to maximize their potential fitness. [@ieu113-B27] showed that *P. xylostella* females use plant volatiles, such as ( *Z* )-3-hexenyl acetate, ( *E* )-2-hexenal, and ( *Z* )-3-hexene-1-ol, to locate their ovipostion hosts. Volatiles from nonhost plant species have been demonstrated to interrupt the host-searching behavior of insect pests ( [@ieu113-B29] ). For instance, extracts of *Chrysanthemum morifolium* (Ramat), a nonhost plant of *P. xylostella* , reduced oviposition by *P. xylostella* ( [@ieu113-B22] ). A separate study demonstrated that visual cues also play important roles in the host-selection process of *P. xylostella* ( [@ieu113-B10] ).

The impact of agroecosystem diversity on insect infestation intensity has been widely studied for some pest species ( [@ieu113-B21] , [@ieu113-B1] , [@ieu113-B8] , [@ieu113-B26] , [@ieu113-B16] ). Results suggest that the presence of multiple host plants increase decision-making difficulties for polyphagous insects during host selection ( [@ieu113-B4] , [@ieu113-B5] ; [@ieu113-B17] ). The effect of intercropping cultivars has also been demonstrated in a few pest species such as the whitefly *Trialeurodes variabilis* (Quaintance) ( [@ieu113-B15] ) and the monophagous butterflies *Polygonia satyrus* (Edwards), *Vanessa indica* (Herbst), and *Inachis io* (L.) ( [@ieu113-B17] ). These results suggest that cues given by different host plants are similar and can cause behavioral confusion for herbivorous insects ( [@ieu113-B13] , [@ieu113-B20] ). Information-processing constraints have been proposed as one causal factor ( [@ieu113-B9] , [@ieu113-B14] , [@ieu113-B13] , [@ieu113-B6] ). According to this hypothesis, females of polyphagous insects identify and evaluate hosts among a larger number of plant species ( [@ieu113-B13] , [@ieu113-B20] , [@ieu113-B24] ). [@ieu113-B5] and [@ieu113-B7] have shown that multiple sensory stimuli from different host plants confused the extremely polyphagous whitefly *Bemisia tabaci* (Gennadius), resulting in increased movement, reduced feeding, and lower fecundity.

To the best of our knowledge, little is known about the mechanisms for the crop diversity-mediated effects. Here, our experiments examined behavioral mechanisms involved in the orientation by *P. xylostella* in multiple- and single-host environments using digital video recordings (DVR). Our results will not only provide a simple and efficient way of reducing the *P. xylostella* population size but also extend the understanding of the behavioral mechanisms for the intercropping-mediated effects on the pest population.

Materials and Methods
=====================

### Insects and Plants

*P* *.* *xylostella* was collected from cruciferous vegetables on the campus of Fujian Agriculture and Forest University (Fuzhou, Fujian, China) and was maintained for several generations on *Brassica rapa* (L.) Chinensis Group (Chinese white cabbage, Fuzhou Gaoda Seed Industry Co. Ltd., Fuzhou, China) in an environmental chamber at 27 ±  1°C, 70 ± 10% relative humidity (RH), and illumination 1,200--1,400 lux (10:14 L:D h).

Only large and healthy pupae were selected for adult emergence (the weight of the pupae was about 3.9 mg). Five hours after mating, the female individuals were randomly assigned to experimental treatments.

To remove the potential effects of *Br* . *rapa* on the behavioral response of *P* . *xylostella* in our experiments *,* three other species of cruciferous vegetables, *Brassicacampestris* (L.) (green choi sum 50 d, Fuzhou Wing Rong Seed Co. Ltd., Fuzhou, China), *Brassicajuncea* (Coss) (Fuzhou wide rod mustard, Fuzhou Wing Rong Seed Co. Ltd., Fuzhou, China), and *Brassicaoleracea* (L.) (Snow Lotus 65, The Fuzhou Bud Force Agricultural Science and Technology Co. Ltd., Fuzhou, China) were used. Plants were transplanted into 15-cm diameter plastic pots for experiments when six to seven leaves had been developed. Fertilizer (26:10:15 N:P:K, Stanley Fertilizer Co. Ltd., Linyi City, China) was applied at 40 g/m ^2^ before sowing.

Soil surfaces were covered with plaster for all experiments. All plants were grown in comparable soil mixtures collected from suburban farm lands near Fuzhou city, Fujian province and watered equally every day.

### Field Experiment

Field experiments were conducted during the summer (May--June 2011) at an island on Jianxi river of Jian'ou City, Fujian Province, China. A field (≈3,335 m ^2^ ) was divided into 10 plots. Plots were separated by 1-m vegetational-free borders. The experimental land was separated from other fields by bamboo.

The experiments were arranged in a randomized complete block design, and each treatment was replicated three times for *Br. juncea* and mixed cropping and four times for *Br. campestris* , and the layout of the plot design is shown in [Fig. 1](#ieu113-F1){ref-type="fig"} . In the monoculture, 26 g seeds were sowed in each plot. In the mixed cropping plot, 13 g *Br. campestris* and 13 g *Br. juncea* seeds were mixed thoroughly before sowing. Three thousand kilogram per hectare of organic fertilizer (Lu Tun, Fujian Sunner Group, Biological Engineering Co., Ltd., Nanping City, China) was applied in the experimental field without the use of any pesticides.

![The schematic of plot design in our field experiments.](ieu113f1p){#ieu113-F1}

Twenty days after sowing, six investigations were sampled every 2 d. The spatial distribution pattern of *P. xylostella* generally shows a negative binomial distribution of aggregation; therefore, based on the results of [@ieu113-B25] , we used the style of "Z" 10-point sampling approach. Two samples were taken at each point, and in the mixed cropping fields, one of them was from *Br. campestris* and the other from *Br. juncea* plant. Totally, in each investigation, 20 plants were sampled from every plot to count the number of *P. xylostella* . The mean number of *P. xylostella* obtained by six investigations on each plot was used to reveal the effects of the mix cropping on the infestation of this pest by statistical analysis.

### Behavioral Experiment

Experiments were conducted in an acrylic cage (60 by 60 by 60 cm) with sufficient room for *P. xylostella* flight. A 15-cm diameter hole was present at the top of the cage and was covered by fine gauze. The cage was placed on a stainless steel platform that had small holes radially arranged from the center to the edge of the platform to ensure airflow to avoid mixing of olfactory cues as far as possible and prevent condensation. The cage was washed with soap solution and then rinsed with clean water between trials to remove any residues from the earlier experiment.

Each experiment consisted of four environments, including three no-choice environments and one free-choice environment. *Br. campestris* , *Br. juncea* , or *Br. oleracea* was used alone in the no-choice environments. In each environment, nine plants were arranged in an equilateral triangle that had three plants on each side. The free-choice environment was composed of three *Brassica* species, and each *Brassica* was with three plants. The three species of vegetables were arranged in every 40-cm-lengthened side of an even-sided triangle inside the cage, respectively ( [Fig. 2](#ieu113-F2){ref-type="fig"} ). All experiments were repeated three times.

![The schematic of plant arrangement in the behavioral experiment and female fecundity experiment (in the free-choice environment, *Brassica campestris* , *Brassica juncea* , or *Brassica oleracea* , respectively, was arranged on one side A, B, or C of triangle; in the no-choice environment, three sides of triangle were arranged nine plants by *B. campestris* , *B. juncea* , or *B. oleracea* alone).](ieu113f2p){#ieu113-F2}

In the behavioral studies, a female just after copulation completed was immediately introduced into the center of the cage for laying eggs. Two cameras were placed on each side of the cage, one facing up and one facing down. The observation began immediately after the female was released and lasted for 48 h. The experiments were conducted at 28 ± 1°C, 70 ± 10% RH, and illumination 1,200 lux (10:14 L:D h). In each treatment, only one female was used to investigate behavior in order to prevent interruption from among the different individuals.

The behavioral response of *P. xylostella* was recorded by DVR. The video of *P. xylostella* 's live behavioral response was transferred to a personal computer and watched to determine parameters such as takeoff frequency. When the moth landed on a vegetable leaf or the inner surface of an apparatus after being released, we defined this behavior as flying for one time. Insects have almost no response to wavelengths of light greater than 650 nm (infrared light; [@ieu113-B19] , [@ieu113-B32] ). Therefore, in these experiments, 850-nm infrared light was used as lighting throughout the 24-h period.

### Female Fecundity

The same basic experimental layout as in the behavioral experiment was used. The number of newly mated female moths was subsequently increased to 3. Because most eggs were laid within 5 d after emergence ( [@ieu113-B18] ), the female adults were released and allowed to oviposit for 5 d. Thereafter, the number of eggs laid in each environment was compared to determine the effect of host selection on fecundity. The experiment was repeated 10 times for choice and no-choice experiments.

### Olfaction Experiment

The olfaction bioassays were conducted in a pentagonal acrylic apparatus ( [Fig. 3](#ieu113-F3){ref-type="fig"} ). A release room (2-cm diameter) was located in the center. Three doors are set up along the wall of release room. To let the released moth quiet before moving into the activity room (diameter 10 cm) which is around the release room, a valve is set inside the release room. Three option arms (width 4.7 cm) are evenly distributed around the pentagon, and a trap at the top of the option arm is used to catch the moth. The three traps were connected with three different glass bell jar where we placed the host plant. Activated carbon apparatus was used to filter the air flowing into the glass bell jar. The top of release room was connected to an air pump.

![The schematic of a pentagonal acrylic apparatus which was used to test the behavioral response of the different vegetable species.](ieu113f3p){#ieu113-F3}

These experiments were divided into two treatments. In treatment A, one of the three glass bell jars contained *Br. campestris* and the others were blank (fresh air). In treatment B, three glass bell jars contained *Br. campestris* , *Br. juncea* , and *Br. oleracea* , respectively.

In this study, a female which completed copulation in 5 h after emergence was immediately released into the olfactometer. No-choice experiment was repeated 11 times and choice experiment was repeated 13 times. The experiments were conducted at 28 ± 1°C and 70 ± 10% RH.

### Statistical Analyses

In the field experiment and female fecundity experiments, one-way analysis of variance (ANOVA) was used to analyze the differences in *P. xylostella* population and number of eggs laid from various treatments. Percentages of laid eggs on plants were arcsine square-root transformed for analyses. Duncan's multiple range test was employed to complete multiple means comparisons. The Kruskal--Wallis one-way ANOVA with all pairwise multiple comparisons was used to detect the takeoff frequencies of *P. xylostella* on different host plants and the chi-square test was used to detect the selection behavior under different odor sources. All data analyses were conducted using IBM SPSS Statistics version 20 (IBM Corp., New York City, USA) with α = 0.05 significance level.

Results
=======

### Field Experiment

Field investigations uncovered that the mean (±SD) population density of *P. xylostella* in the mixed cropping land was 27.7 ± 6.1 individuals per 20 plants, while those in the monoculture land with *Br. campestris* or *Br. juncea* was 53.0 ± 7.8 and 45.7 ± 7.0 individuals per 20 plants, respectively. Statistical analyses revealed that the *P. xylostella* populations from the mixed cropping field were smaller than those from the monoculture lands ( *F* 2,7 = 11.094, *P*  \< 0.05; [Fig. 4](#ieu113-F4){ref-type="fig"} ). No significant difference ( *P*  = 0.229) was detected between *P. xylostella* populations in the two monoculture fields.

![Mean (±SD, *n*  = 10) number of *Plutella xylostella* on per plant in the mixed cropping and monoculture fields. Significant differences between groups are denoted by different letters (Duncan's multiple range test).](ieu113f4p){#ieu113-F4}

### Behavioral Experiment

When females were released into the mixed cropping environment, mean ( ± SD) takeoff frequency was 315.0 ± 108.5 flights per 24 h ( [Fig. 5](#ieu113-F5){ref-type="fig"} ). In the monoculture environment with *Br. campestris* , *Br. juncea* , and *Br. oleracea* , takeoff frequency of females was 103.0 ± 17.3, 108.0 ± 8.8, and 210.0 ± 16.3 flights per 24 h, respectively. The present result demonstrated significant differences in the behavioral responses of the moths to the mixed cropping and the monoculture treatments with *Br.campestris* and *Br.juncea* (χ ^2 ^ = 8.453, df = 3, *P*  \< 0.05). However, no difference in the moth behavior was observed between the mixed cropping and *Br.oleracea* monocultured treatment. This result indicated that female *P. xylostella* in the mixed cropping environment had much more tests during the location of its suitable host plant than in the monoculture environment of *Br. campestris* and *Br. juncea* , respectively.

![Mean ( ± SD) takeoff frequency (number of takeoff per 24 h) of female *P. xylostella* in the mixed cropping and monoculture treatments during a 48-h continuous observation period. Significant differences between groups are denoted by different letters (Kruskal--Wallis test with all pairwise multiple comparisons).](ieu113f5p){#ieu113-F5}

### Female Fecundity

During the 5-d period, females laid 112.0 ± 9.9 ( *n*  = 27) eggs in the mixed cropping treatment, but those in the treatment only being supplied with *Br. campestris* , *Br. juncea* , and *Br. oleracea* produced 176.3 ± 14.0 ( *n*  = 30), 133.3 ± 10.3 ( *n*  = 30), and 114.7 ± 8.7 ( *n*  = 30) eggs per female in average, respectively. Duncan's multiple range test revealed that mean number of eggs laid in the mixed cropping treatment was significantly fewer than that in *Br.campestris* and *Br. juncea* monoculture, but not different from the *Br. oleracea* monoculture ( *F* 3,113 = 218.7, *P*  \< 0.05; [Fig. 6](#ieu113-F6){ref-type="fig"} ). Moreover, we also found that eggs were not evenly distributed on the leaves of different vegetable species in the mixed cropping treatment, and the majority of eggs were laid on *Br.campestris* (41.2 ± 12.0%) or *Br. juncea* (40.9 ± 10.0%), but less on *Br. oleracea* (17.9 ± 6.1%) ( *F* 2,78 = 51.481, *P*  \< 0.05; [Fig. 7](#ieu113-F7){ref-type="fig"} ). These results suggested that the fecundity of females was significantly decreased by mixed cropping and they obviously preferred the *Br. campestris* , followed by *Br. juncea* and *Br. oleracea* .

![Mean ( ± SD) number of eggs laid by per female in the mixed cropping and monoculture treatments during 5 d. Significant differences between groups are denoted by different letters (Duncan's multiple range test).](ieu113f6p){#ieu113-F6}

![Mean (±SD) percentage of eggs laid on the leaves of different vegetable species by per female during 5 d in the mixed cropping treatment. Significant differences between groups are denoted by different letters (Duncan's multiple range test).](ieu113f7p){#ieu113-F7}

### Olfaction Experiment

In treatment A, 72.7% of females located the *Br. campestris* , while 27.3% moved into the blank glass jars. This result indicated that the volatiles from *Br. campestris* could attract *P. xylostella* and this effect was significant ( *n*  = 2, χ ^2 ^ = 7.682, df = 1, *P*  \< 0.05). In treatment B, when three tested species of vegetables were presented simultaneously, 38.5% of females landed on the leaves of *Br. oleracea* , 38.5% on *Br. campestris* , and the remaining ones (23.1%) on *Br. juncea* . It suggested that females could not discriminate the three species of cruciferous vegetables ( *Br. campestris* , *Br. juncea* , and *Br. oleracea* ) ( *n*  = 3, χ ^2 ^ = 0.615, df = 2, *P*  \> 0.05; [Fig. 8](#ieu113-F8){ref-type="fig"} ) when they were presented at once.

![The behavioral responses of *P. xylostella* females that were released into (A) treatment A and (B) treatment B. Significant differences between groups are denoted by "\*" (chi-square test).](ieu113f8p){#ieu113-F8}

Discussion
==========

In this study, our field experiments demonstrated that mixed cropping decreased the population size of *P. xylostella* ( [Fig. 4](#ieu113-F4){ref-type="fig"} ). Furthermore, *P. xylostella* showed different behavioral responses to the chosen vegetable species. For instance, when the *Br. campestris* , *Br. juncea* , and *Br. oleracea* were supplied alone in the no-choice experiment, *P. xylostella* had the lowest takeoff frequency on the *Br. campestris* and laid the largest number of eggs, followed by *Br. juncea* and *Br. oleracea* ( [Figs. 3](#ieu113-F3){ref-type="fig"} and [4](#ieu113-F4){ref-type="fig"} ). When the three *Brassica* species were presented together, more eggs were oviposited on *Br. campestris* and *Br. juncea* , compared with *Br. oleracea* . It suggested that *P. xylostella* females were able to respond differently to the host plants with various preference whether in the monoculture or in the polyculture of different cruciferous species. In the two treatments, *Br. campestris* was always the highest rank host species for oviposition. Previous evidence also showed that *P. xylostella* preferred to lay more eggs on leaves of Chinese cabbage and mustard than other *Brassica* species, which suggested that they might be a good candidate for use as a trap crop to control *P. xylostella* ( [@ieu113-B2] , [@ieu113-B3] ; [@ieu113-B30] ; [@ieu113-B28] ). Furthermore, our experiments revealed that *P. xylostella* in the free-choice environment laid significantly less eggs than in the no-choice environment. This was consistent with the previous report that mixed cropping a whitefly-susceptible cassava cultivar with a whitefly-resistant cassava cultivar results in a 60% overall reduction in abundance of the whitefly *T. variabilis* ( [@ieu113-B15] ). This result indicated that the polycultural agroecosystem, being composed of three *Brassica* species with different preference for *P. xylostella* , also significantly affected their host-selecting behavior and reduced their fecundity. However, our results were contrary to the conclusion from [@ieu113-B2] which presented that total oviposition of *P. xylostella* in the cabbage plots containing yellow rocket, *Barbarea vulgaris* (R. Br.) variety *arcuata* , was far higher than in the plots only with cabbage. We thought that it resulted from the differences in the oviposition preference of *P. xylostella* to the two vegetable species in the mix-cropping tests. For instance, when *B* . *tabaci* was released into the mixed cropping environment with high-rank and low-rank hosts, it showed a distinctive behavioral preference for the highest rank host cucumber, which suggested that *B* . *tabaci* tends to select a high-ranking host as soon as possible and deposit all or most of its eggs on the preferred host species ( [@ieu113-B7] ). In our experiments, both *Br. campestris* and *Br. juncea* are the preferred host for *P. xylostella* . In contrast, *Ba* . *vulgaris* was much more attractive to *P. xylostella* than cabbage ( [@ieu113-B2] ). Therefore, the similar host preference in our tests might lead to more behavioral confusions when *P. xylostella* located its preferred host plant.

Although many studies have documented the mixed cropping-mediated effects on the population size of other insect pests, the major question that needed to be elucidated was "how do insect pests respond to polycultures compared with monocultures." To the best of our knowledge, there is no consensus on the underlying mechanism of the mixed cropping-mediated drop in insect pests. It is generally accepted that the behavioral response of insect pests in polycultures is directed either by chemical cues or by visual signals ( [@ieu113-B11] ). However, no robust evidence in the literature indicated that plant chemicals can attract insects beyond 5 m ( [@ieu113-B12] ). The trap crops serve as a sink for insects or the pathogens they vector ( [@ieu113-B30] ). Meanwhile, we could not find evidence indicating that insects were repelled from landing on nonhost plants. Here, our analysis on the behavior video of *P. xylostella* revealed that their takeoff frequency in the free-choice experiment was remarkably higher than that in the no-choice treatment. This result suggested that they could not discriminate their superior host plants from the inferior ones in the free-choice environment prior to landing. In other words, *P. xylostella* in our study landed randomly on the supplied plants and then evaluated whether it was the preferable host through other stimulus such as leaf physical characteristics and so on. If the landing host was not suitable, *P. xylostella* left to search the preferable host again. Similar behavioral responses were also documented on the extremely polyphagous whitefly *B. tabaci* B-biotype when *B. tabaci* was placed in choice and no-choice environments in the laboratory ( [@ieu113-B7] ).

Crop diversification has been demonstrated extensively to retard the occurrence of insect pests and other plant diseases ( [@ieu113-B11] ). However, the mechanism for this effect was still unknown. Several lines of literature reported that simultaneous exposure to more than one food item involves tradeoff between host location and other physiological processes including immune defense and reproduction ( [@ieu113-B17] , [@ieu113-B6] ). [@ieu113-B17] proposed that such tradeoffs are caused by behavioral responses rather than physiological costs in nature. According to the information-processing hypothesis, females of polyphagous insects costly discriminate and evaluate a larger number of plant species, e.g., by eventually using less or nonacceptable plants ( [@ieu113-B24] , [@ieu113-B6] ). Combined with these relative reports, our results suggested that the changes in the behavioral responses of insect pests such as the increase of takeoff frequency of *P. xylostella* could explain the documented intercropping-mediated effects. Here, we determined that they laid fewer eggs in the free-choice treatment as well. It appears that in the free-choice environment, there is a tradeoff between the egg production of *P. xylostella* and the evaluation of the preferred hosts. However, this hypothesis should be further investigated through comparative researches on the ovarian anatomy and the ovary development of *P. xylostella* from the above distinct treatments.

In our bioassays, host plant volatiles were shown to guide the females to locate their host plants. However, when three *Brassicaceae* species were presented simultaneously, the number of females on the vegetable leaves was similar. It suggested that females could not discriminate between the three tested vegetable species because they emitted similar volatiles. Current evidence has demonstrated that other cues such as gustation and plant surface characteristics could guide herbivores to suitable hosts after landing ( [@ieu113-B29] ). In the behavioral experiments, *P. xylostella* females released into a mixed cropping environment returned to flight more frequently compared with those in a monoculture. These differences in *P. xylostella* behavior may be led by the similar volatiles from three cruciferous vegetables in this study. In the mixed cropping environment, females were lured to land on one species of vegetable. After landing, *P. xylostella* further evaluated the host by other stimulus from the vegetable species. If it was not suitable, they flew off the plant to locate the host again. Therefore, these results revealed that mixed cropping with different vegetable species could dramatically alter the host location behavior of females.

Our experiments demonstrated that mixed cropping with the different-rank host species could reduce the infestation intensity of *P. xylostella* in the field. Additionally, we recorded and analyzed the live behavioral response of *P. xylostella* when they were released into the monoculture and multiculture treatments and determined that the decline in oviposition was the major factor for the decrease of *P. xylostella* population. This study provided further insights into the possible underlying mechanisms that control herbivore population size in polyculture versus monoculture systems.
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